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While cell differentiation and growth arrest are distinct processes that can occur independently, they are generally intimately linked, with cell cycle exit being a prerequisite for terminal differentiation. For example, proliferating neuroblasts already exhibit several neuronal features, but the onset of terminal differentiation does not occur until the final cell division (14, 45) . Clearly, mechanisms operating at the interface between the growth arrest and differentiation programs play critical roles in establishing the differentiated states of neurons and other cell types. Such mechanisms are also likely to be important in maintaining the irreversibility of terminal differentiation, and their disruption plays an important role in cell immortalization and tumorigenesis. Several cell cycle-associated proteins have been directly implicated in the terminal differentiation process, including the retinoblastoma protein (pRb) and the cyclin-dependent kinase inhibitor p21/WAF1 (17, 19) . Importantly, recent studies have shown that these proteins have dual regulatory effects on cell cycle progression and cell differentiation that occur by distinct mechanisms (12, 47) .
Members of the E2F family of transcriptional regulators have a central role in the cell cycle-dependent expression of genes required for DNA synthesis and S-phase entry, and functional studies have provided direct evidence for their involvement in the G 1 /S transition as well as apoptosis (for a review, see references 22 and 40) . Six E2F family members have been characterized (E2F1 through E2F6), and they exhibit various degrees of structural relatedness (6, 13, 22, 51) . E2Fs exist as heteromeric complexes consisting of an E2F and a DP family member (the so-called "free" E2F) and, with the exception of E2F6, also associate with a retinoblastoma (Rb) family member under specific conditions. Dimerization with a DP family member is necessary for optimal E2F transcriptional activity, while complex formation with Rb family members converts E2Fs into repressors of E2F-regulated genes. The ectopic expression of E2F1, E2F2, or E2F3 is sufficient to induce S-phase entry, while E2F4 or E2F5 by itself cannot (33) . This difference apparently reflects the fact that nuclear import of E2F4 or E2F5 is cell cycle dependent (32, 35, 54) .
While E2Fs are clearly important for cell cycle progression, little is currently known about their potential functions during cell differentiation. Differential changes in the expression or activities of E2Fs following cell cycle exit and differentiation have been demonstrated for several cell types, with E2F4 often being the predominant species (42, 48, 53, 56) . In certain differentiated tissues, E2F5 appears to be selectively induced (11) . These observations suggest that, in addition to contributing to cell proliferation, E2F4 and E2F5 may be important transcriptional regulators of growth arrest and/or differentiation. However, the direct demonstration of the ability of these transcriptional regulators to promote cell differentiation has been lacking. In the present study, we show that E2F4 enhances both the initiation and maintenance of nerve growth factor (NGF)-induced differentiation of PC12 cells into sympathetic-like neurons and that these effects do not involve changes in the regulation of cell growth. We also demonstrate that inhibition of E2F4 protein levels interferes with the differentiation process.
RESULTS
Regulation of E2F and Rb family members during neuronal differentiation of PC12 cells. We utilized the PC12 cell model to explore the role of E2Fs during neuronal differentiation. These pheochromocytoma cells undergo growth arrest and differentiation into postmitotic sympathetic-like neurons in the presence of NGF and faithfully reproduce many important features of sympathetic differentiation, including neurite outgrowth, regulation of cell cycle-associated genes, and NGFdependent survival (7, 37, 49, 59) . Exposure of PC12 cells to 50 ng of NGF per ml for 8 days in the absence of serum or for 14 days in the presence of serum markedly downregulated the levels of protein and/or mRNA for E2F1, E2F3, and E2F5 (Fig. 1) . In contrast, E2F4 protein levels were markedly increased in differentiated PC12 neurons (Fig. 1B) . The increase in E2F4 protein levels was even greater in neuronal derivatives generated in the absence of serum, due to the upregulation of E2F4 by serum removal alone (Fig. 1B) , while the expression of E2F5 protein and mRNA was inhibited under serum-free conditions (Fig. 1) . Thus, E2F4 protein levels increase markedly following PC12 cell differentiation, while the levels of other E2F proteins are greatly diminished or extremely low.
Analysis of Rb family members revealed that pRb and p107 proteins also were suppressed in neuronal derivatives, while p130 was unchanged (Fig. 1B) . We also examined the regulation of cyclin A and cdk2, both of which are important for cell cycle regulation and one of which (cyclin A) is regulated by E2Fs in PC12 cells (22) . In both cases, expression was markedly suppressed following NGF-induced differentiation (Fig.  1) .
E2F4 binds p130 and localizes to the nucleus following PC12 cell differentiation. E2F4 interactions with Rb family proteins have a major impact on E2F4 function, including its conversion from a trans-activator into a repressor of E2F-regulated cell cycle genes (22, 39) . In differentiated and growth-arrested cells, E2F4 is often associated with the Rb family member p130 (8, 42, 53, 57) , and the fact that p130 was unchanged by the NGF-induced differentiation of PC12 cells, while pRb and p107 were downregulated, suggests that E2F4-p130 complexes may exist in these neuronal derivatives. p130-containing complexes were immunoprecipitated and examined for the presence of E2F4. E2F4 protein was not detectable in p130 immunoprecipitates derived from proliferating PC12 cells but was clearly evident in complexes from cells treated with NGF ( Fig.  2A) . The number of E2F4-p130 complexes was higher in PC12 cells treated with NGF in the absence of serum than in cells treated in the presence of serum, which was consistent with the increased concentrations of total E2F4 protein in these cells. Also, E2F4 was readily detected in p130 immunoprecipitates derived from PC12 cells cultured in serum-free medium alone. The negative control protein Sp1 was undetectable on immunoblots of the same p130 precipitates (data not shown). Thus, E2F4 associates with p130 in PC12 cells following growth arrest and neuronal differentiation.
An additional effect of the interaction of E2F4 with Rb family proteins is increased nuclear localization and, therefore, enhanced transcriptional regulation (32, 35, 54) . This was examined by the subcellular fractionation of PC12 cells with the transcription factor Sp1 as a marker for the nuclear fraction (25) . Expression of Sp1 in PC12 cells is unaffected by NGF treatment (58) . The ratio of E2F4 within the nuclear and cytosolic fractions increased considerably following NGF treatment for 8 days (Fig. 2B) . This was particularly evident in cells which differentiated in serum-free medium (the presence of significant amounts of cytosolic E2F4 in cells which differen-tiated in the presence of serum likely reflects the fact that differentiation proceeds more slowly under these conditions [15] and is incomplete after 8 days of NGF treatment). The majority of E2F4 in growth-arrested, serum-deprived PC12 cells was also associated with the nuclear fraction (Fig. 2B ). These findings indicate that E2F4 is mainly or exclusively localized in the nucleus following neuronal differentiation.
Development of PC12 cell derivatives expressing E2F4 under the control of a tetracycline-regulated promoter. The above results suggested that E2F4 has a primary role in neuronal differentiation relative to other E2Fs. To directly investigate this, we developed PC12 cell derivatives stably transfected with a tetracycline-regulated expression plasmid for this factor, together with a constitutively active vector encoding the tetracycline transactivator tTA. With this system, E2F4 expression is repressed in the presence of tetracycline and induced following its removal. Multiple cell lines (E2F4-tet cells) were generated and examined for the expression of E2F4 in the presence and absence of tetracycline (Fig. 3A) . No E2F4 protein was detected in noninduced, proliferating E2F4-tet cells, indicating tight regulation of the expression vector by tetracycline. In contrast, E2F4 was readily detected following tetracycline removal. The levels of induced E2F4 protein were, in fact, similar to those obtained following growth arrest and differentiation of uninduced PC12 cells (Fig. 3A ) and thus were quite physiological. Under serum-free, growth-arrested conditions in which endogenous E2F4 is upregulated, the removal of tetracycline resulted in a further, apparently additive increase in E2F4 levels. Similarly, tetracycline removal resulted in a marked increase in E2F4 levels in cells treated with NGF for 6 days in either the presence or absence of serum (Fig. 3A) . Thus, E2F4-tet cells exhibit substantial induction of E2F4 expression in proliferating, quiescent, and differentiated PC12 cells.
Effects of E2F4 induction on neuronal differentiation of PC12 cells. To examine its effects on PC12 cell differentiation, E2F4 was induced prior to the initiation of NGF treatment. Control studies verified that tetracycline treatment had no effect on either the differentiation of wild-type PC12 cells or their response to NGF withdrawal (data not shown). E2F4-tet cells were treated with 50 ng of NGF per ml for up to 8 days in serum-containing medium in the presence and absence of tetracycline. Major differences in the rate of morphological differentiation that were most dramatic after 2 to 3 days of NGF treatment were observed (Fig. 3B ). E2F4-induced cells had a much more mature neuronal appearance at this time, including a flattened morphology and the prevalence of markedly longer neurites. In contrast, E2F4 induction did not alter the morphology of proliferating PC12 cells (data not shown).
The effects of E2F4 preinduction on PC12 cell differentiation were quantified by determining the ratio of neurite length to cell body diameter. Cells were classified according to this ratio (Ͻ1, 1 to 2, and Ͼ2 cell body diameters), with moredifferentiated cells possessing higher values. On day 2 of NGF treatment, Ͼ70% of E2F4-induced cells were significantly differentiated (bearing neurites 1 cell diameter or greater in length), while only 25% of uninduced cells possessed neurite lengths of 1 to 2 cell diameters; none had neurites longer than 2 cell diameters (Fig. 3C) . By day 8 of NGF treatment, 100% of uninduced cells exhibited a differentiated phenotype, and thus E2F4 enhancement of differentiation could no longer be detected.
The neuronal marker ␤-tubulin type III (18) was used to monitor the effects of E2F4 preinduction on the biochemical differentiation of PC12 cells by NGF. ␤-Tubulin protein levels increased following the NGF treatment of E2F4-tet cells, and the rate of this increase was substantially higher when E2F4 was preinduced (Fig. 3D) undergo reversible differentiation and renewed proliferation upon NGF removal in the presence of serum (16) . Western analysis demonstrated that E2F4 protein decreased to undetectable levels after the removal of NGF from differentiated PC12 cells and further culturing for 4 days in the presence of serum, while the expression of both E2F1 and E2F5 increased (Fig. 4A) . We therefore examined whether ectopic expression of E2F4 would promote retention of the differentiated state in neuronal derivatives undergoing dedifferentiation. E2F4-tet cells were differentiated with NGF in the presence of serum for 8 days with and without tetracycline and then washed and cultured in serum-containing medium alone. Cells in which E2F4 was induced (without tetracycline) lost neurites at a considerably lower rate than uninduced E2F4-tet cells after NGF removal (Fig. 4B) . The number of cells possessing neurites of 1 to 2 cell body diameters or more was 4.3-fold higher on the fourth day of washing (Fig. 4C) . Further, the expression of ␤-tubulin type III decreased at a lower rate following NGF removal from induced E2F4-tet cells (Fig. 4D) .
Neuronal derivatives of PC12 cells lose their neurites and subsequently die via an apoptotic mechanism if cultured in serum-free medium without NGF (37) . When differentiated E2F4-tet cells were washed and cultured in medium lacking both serum and NGF, the induced cells retained their differentiated morphology to a much greater degree than did the uninduced cells (Fig. 4B ). This effect was particularly dramatic on the fourth day following NGF removal, when Ͼ90% of induced E2F4-tet cells contained neurites of intermediate length or greater while no uninduced cells had this phenotype (Fig. 4C) . Thus, in addition to accelerating the onset of neuronal differentiation, E2F4 also promotes the maintenance of the differentiated state of PC12 cell-derived neurons.
Growth regulation in E2F4-induced PC12 cells during differentiation. In contrast to its impact on cell differentiation, E2F4 induction had no significant effect on DNA synthesis or cell number in PC12 cells undergoing growth arrest and differentiation in response to NGF (Fig. 5A and data not shown) . Similarly, these parameters were unaltered during the dedifferentiation and growth renewal of PC12 cell-derived neurons following NGF withdrawal in the presence of serum (Fig. 5B  and data not shown) . The ectopic expression of E2F4 also had no major effect on the survival rate of NGF-deprived neuronal derivatives in serum-free medium, although there was a trend toward decreased cell loss (data not shown). Thus, E2F4 enhancement of both the onset and retention of PC12 cell differentiation is independent of any marked alteration of growth arrest or cell proliferation.
Role of endogenous E2F4 in neuronal differentiation of PC12 cells. To determine whether E2F4 was normally involved in PC12 cell differentiation, antisense ODNs (AS1 to AS3) were designed for sequences spanning or adjacent to the translation initiation region which are unrelated to sequences within the other E2Fs. All three antisense ODNs markedly reduced the expression of E2F4 in NGF-treated PC12 cells, with AS1 and AS2 being more effective than AS3 (Fig. 6A) . When tested for their effects on NGF-dependent neurite outgrowth from PC12 cells, the antisense ODNs inhibited this process with the same order of efficacy, while sense or unrelated control ODNs had negligible effects on both E2F4 protein levels and neurite outgrowth (Fig. 6 and data not shown) . Thus, E2F4 has an important regulatory role in the NGF-induced differentiation of PC12 cells.
Regulation of E2F4 expression during development of the rat central nervous system. We also examined whether the pattern of E2F expression in developing neural tissue was similar to that observed in differentiating PC12 cells. During neurogenesis of the rat cerebral cortex, proliferating neuroblasts within the subventricular zone become postmitotic and begin their migration to upper cortical layers in a wave occurring in the late embryonic and early postnatal period (36) . An analysis of the rat cerebral cortex revealed that the expression of both E2F1 and E2F5 was downregulated as cortical neurons became postmitotic between E18 and P1 to P3 (Fig. 7A and B) . Cyclin A expression was similarly downregulated in the cerebral cortex, as previously reported (21) . In contrast, E2F4 protein was substantially upregulated during this period of terminal growth arrest and neuronal differentiation (Fig. 7B) .
Similar analyses were performed with developing rat cerebellum. During postnatal weeks 2 and 3, granule cell neuroblasts within the extragranular layer terminally exit the cell cycle and migrate inward (1) . Western analysis of rat cerebellar extracts during this period revealed a gradual but large increase in E2F4 expression (Fig. 7C) . In contrast, E2F5 protein was essentially undetectable during this developmental period in the rat cerebellum (data not shown). Thus, E2F4 is upregulated in the rat central nervous system as neuroblasts become postmitotic and differentiate, as occurs in PC12 cell-derived neurons. DISCUSSION E2FA facilitates the differentiation process. E2F4 is one of a family of factors known to be critical for normal progression VOL. 19, 1999 E2F4 PROMOTES NGF-INDUCED DIFFERENTIATIONthrough the G 1 and S phases of the cell cycle. The present studies have demonstrated an additional activity for this factor, specifically in the differentiated state. The expression of E2F4 increases markedly in neuronal derivatives of PC12 cells, and its ectopic expression enhances both the initiation of neuronal differentiation and its maintenance when examined under reversal conditions. Further, experiments with antisense ODNs have shown that E2F4 is an important regulator of NGFinduced differentiation. To our knowledge, this is the first demonstration of a direct role for mammalian E2F factors in promoting the differentiation of any cell lineage. Mutation studies of the Drosophila melanogaster E2F gene have previously suggested a role for this factor in postmitotic cells (5), and a nonproliferative function in secretion by epithelial cells of the choroid plexus was recently demonstrated for mouse E2F5 in gene knockout studies (31) . The present findings suggest that E2F4 may have therapeutic potential in inhibiting the reversal of differentiation that often follows the treatment of certain tumors with differentiating agents (20) . While important for the neuronal differentiation of PC12 cells, E2F4 induction by itself was not sufficient to initiate this process. This is not surprising in light of the dual roles of E2F4 in cell cycle progression and differentiation. To promote differentiation, E2F4 presumably must form complexes with factors which promote its nuclear localization and appropriately regulate its transcriptional activity. That is, its nuclear entry depends on its association with either a DP or Rb partner (32, 35, 54) , and the nature of the facilitating partner(s) is an important determinant of its transcriptional activity: e.g., DP partners enhance transactivation, while Rb proteins convert the E2F complex into a transrepressor. Association with p130 is, therefore, presumably important for the nuclear localization and function of E2F4 during the neuronal differentiation of PC12 cells. In contrast to the present results, the ectopic expression of E2F4 induces cell cycle reentry in quiescent muscle cells when overexpressed with DP3⌬ (43) . This apparently reflects limiting levels of Rb family members under the latter conditions, since E2F4 complexes formed with p130 and p107 are associated with growth arrest in these cells. Thus, whether E2F4 promotes cell proliferation or differentiation is determined to a great degree by the nature of its associated partners.
E2Fs and terminal differentiation of neuroblasts. The terminal differentiation of postmitotic neurons is not initiated until permanent exit from the cell cycle (36) , and this event represents a critical juncture in nervous system development. Loss of either pRb or p130 leads to the uncontrolled proliferation and subsequent apoptosis of central and peripheral neuroblasts, as well as the incomplete differentiation of surviving cells (28, 29) . Studies employing adenovirus E1A proteins have also implicated Rb family members in the neuronal differentiation of PC12 cells by NGF (4). A central mechanism by which Rb members presumably regulate the arrest and differentiation of neurons is via interactions with E2Fs. Consistent with this, the presence of free E2F complexes (i.e., lacking Rb family members) as well as the increased expression of an E2F target, the cyclin E gene, is associated with the altered prolif- eration of central nervous system neurons in Rb-deficient mice (34) .
The present studies suggest that E2F4 is an important transcriptional regulator of the terminal differentiation of neuroblasts. Expression of E2F4 protein markedly increases in the rat cerebral cortex and cerebellum as neurons become postmitotic and is consistent with the pattern of E2F4 mRNA expression observed during neurogenesis in the mouse (10) . It has been found that E2F1, E2F2, and E2F5 mRNAs are downregulated while E2F4 transcripts are readily detected in postmitotic neurons of the mouse (10, 50) . E2F4 is also upregulated following the differentiation of human neuroblastoma cells (44) . The demonstration of E2F4-p130 complexes following the neuronal differentiation of PC12 cells, together with the required role for p130 in neuronal development (28) , further implicates E2F4 in this process.
Mechanisms of E2F4 action during differentiation. The specific mechanisms by which E2F4 enhances differentiation of PC12 cell-derived neurons and possibly other cell types remain to be determined. E2F complexes containing p130 predominate in the G 0 state of many differentiated cells and tissues (although complexes with other Rb family members are also sometimes observed), and E2F4 is often the major E2F species detected (8, 38, 42, 57) . E2F-p130 complexes are thought to function by repressing the expression of genes that are required for G 1 /S-phase transition and DNA synthesis (24, 30) . Thus, one mechanism by which E2F4 may promote neuronal differentiation is by the repression of G 1 /S-associated genes, which, in turn, would facilitate cell cycle exit (Fig. 8) . The downregulation of E2F target genes, i.e., the cyclin A, p107, and pRb genes as well as the gene for E2F1 itself, in differentiated PC12 cells and neurons, as described here and in other studies (10, 21, 41) , is consistent with this mechanism. However, E2F4 induction had no effect on the growth regulation of PC12 cells by NGF, indicating that additional, cell cycle-independent mechanisms are operative. In particular, these results suggest that E2F4 may directly interact with the differentiation program itself, either as complexes with p130 or in some other form (Fig. 8) . Both pRb and p21/WAF1 can influence cell differentiation independent of their effects on the cell cycle (12, 47) , and E2F4 may also have dual yet distinct roles in regulating cell growth and differentiation. The present study defines a system in which these and other important aspects of E2F4 function during cell differentiation can now be addressed.
